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The  Field  Emission  Initiated  Vacuum  Arc.  I.  Experiments  on  Arc  Initiation* 

\\  I'  htki.  I k.  r«»i  tv.  I'  !•:.  M \h riK,  imi  J.  I'.  l<Mnnt  R 
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li  i'  li.imii  ilui  <lnifit.il  Itti-alt.l.ni i>  In  tw.-vn  metal  rl.i  trodr*  ran  lir  initialnl  l>\  i.rM  I hr 

|iirtrni  mirk  ■ niit  rrn-  a lu'lhrr  Mu-lv  uf  tlul  iiiiliation  |in«T«  under  condition*  of  rxcrllrnf  vacuum  ami  a 

• Iran  talliMflr  Miifair 

A*  l hr  iirhl  t urrrnl  .IctiMly  Irnm  (hr  -ingle  i rviliil  tuttgOrn  rmillrr  i«  continuously  increased,  the  normal 
■ tm«-i»n  i«  'rrimn.ilnl  hv  an  e*|.l<»ive  vacuum  an  . Since  !hi«  breakdown  occur*  in  less  than  a microsecond, 
tin  rxpcr.mrnt.il  »tnrrvuti.in»  wrrr  obtained  by  u»r  of  pulse  rlnt  tonic  lrvhni>|ur*.  The  magnitude  of  the  elec- 
trie  iirhl.  i urrrnt  nriitilv,  ami  work  function  at  thr  cathialr  were  simultaneously  determined  prior  to  break- 

• Imi n Krmii  this  tin e-tigal inn  it  ha*  tarn  established  that: 

( 1 1 the  \a.  uum  arc  wa«  iuiliateil  at  a critical  valur  of  the  tirhl  t urrrnl  ilrnaity  of  the  onlrr  of  Ilf  am- 
| K-rr-  tiu’; 

(.’>  breakdown  wa<  prnlictahlr  anil  not  ranilom;  in  fact  rasily  rnngnUable  condition*  preceding  arc 
lorniatioti  have  lirrii  r-tahli*htd;  at  rurreiit  drn*ilir*  jut  I lirlnw  the  trilical  value,  an  elect.ron  rmiaainn 
[mars*  nu  observed,  which  ap|tarrtiily  involved  Imth  high  electric  tirhl*  anil  hixh  trm|ieratum; 

t.t)  arc  formation  .11. 1 not  rr<|uirr  taihialr  tom  lard  mm  I hy  material  from  thr  anode  or  from  residual 
ga*e*; 

(4)  breakdown  wa»  indeprnde  it  of  the  applied  micr.>*<vond  voltage  in  the  range  5 < r<M)  kv,  provided 
thr  critiial  eurrrnt  density  wa*  not  raceiilnl; 

1 5»  thr  current  during  arc  exceeded  thr  initiating  lit  Id  tuirenl  hy  a factor  of  at  Irani  Itat. 


INTRODUCTION 

HI (.11  titlil  itiriYiit  densities  art*  known  to  initiate 
cUttrical  breakdown  let  wren  metal  elet  trodes  in 
vacuum'  hut  the  mechanisms  involveil  in  the  initiation 
of  tliat  breakdown  have  not  Ihtii  well  understood. 
The  present  work  com  cm*  a further  study  of  the  prob- 
lem and  is  one  of  a series  of  investigations  concerned 
with  phenomena  :n  company  ing  held  emission  of  elec- 
trons at  very  large  t urrrnl  densities. 

Field  emission  was  recognized  as  an  initiating  fat  tor 
for  the  breakdown  of  static  (totentials  of  the  order  of 
III  kv  lictween  metal  electrodes  in  vacuum  in  earlier 
experiments/  ' When  the  static  |mten!ial  was  increased 
to  the  ortler  of  UK>  kv,  electrical  breakdown  was  in- 
creasingly ilependent  on  total  voltage1  in  contrast 
with  its  dejiervlence  on  electric  held  at  lower  voltages. 
In  other  experiments.'  1 * when  high  voltages  were 
ajiplied  f*»r  short  t into  intervals,  breakdown  was  tie- 
(icndent  tin  ihe  electric  held  at  the  cath  sir.  In  some 
exjierimenls,  brraktlttwn  was  thought  to  lie  initiated  by 
various  mechanisms  involving  anode  material  *•*•'■* 
however,  more  recently,  |m*itivr  ion  emission  cncfli- 
cients  have  lieen  fountl  insufficient*  ft»r  a pmjmsfd 

* Most  of  the  *u|i|*tr!  fur  this  work  wit*  extended  hy  the  V.  S, 
nttire  uf  Navyl  Kesrarch;  in  |*fl  it  w»*  Mi|ipnrtetl  hy  the  lh  N, 
Air  Kiitcr  through  thr  Microwave  !.alinr«tiiry  of  the  t'niv«T*lfy 
of  California. 

' W.  I-.  Dyke  amt  J.  K.  Tndan,  Illy*.  K«v.  »,  '<«  iW.lt. 

• A.  J.  Ahcam,  I’hy*.  Krv,  W,  2.W  llU.lft). 

MV.  If  flrftiietl,  f’lov  Krv.  -W,  1*i  flV.Ulj  4#.  41ft  (Wit. 

' J.  (i  Trump  ami  K.  J V*n  de  f.raaff,  J.  A|*fd.  Phv*.  Id,  M7 
i IVI7f. 

• \V.  Kih*atrjtk.  Kr|ii*rt  of  t‘nivrr*lty  id  California  Kadis  that 
laloral.m,  tun|tuhli*hedt. 

• It  if,  fosufitiati  and  It  II.  Sham,  l*hv»,  Krv.  N2.  $75  (Wl). 

’ W.  II  Hrnnrlt,  l*hv*  Krv.  45.  d*M  ff«I.Mt, 

' bitwremr  Cfiittlirrg.  / A|ipl  l*hv*.  2.1,  $IJt  |WJ» 

* \ii  txtrt,  Von  dr  f ir.iaff,  u tv!  Trtimf*,  j A|*t*l.  2$.  M t Wll. 


|«rtide  inter* ha.ig.-  im  hanism.'  Atlsorlietl  gas  on  the 
cathtMie  suriate;  ao<  *e  tdaal  gas  in  the  ex|ierimcntal 
tulte1  have  Ixeii  * on  side  re*  I in  other  pm|H>se<l  explana- 
tion* for  breakdown.  Few  of  those  earlier  ex|«enments 
were  favoretl  by  the  high  vacuum  anti  clean  surfaces 
available  through  rrtently  developetl  techniques.1*" 
Klectrical  breaktlown  genenlly  was  observed  at  calcu- 
lated values  of  the  electric  field  a Imut  an  *>nler  of 
magnitude  less  titan  that  required  llicorctkally13  for 
appreciable  field  emission.  It  was  sup|iosed  in  most 
cases  that  the  elet  trie  tirhl  was  intensified  in  the  vicinity 
of  surface  irregularities"  which  could  not  lie  resolved  by 
optical  microscopy.  Arcing  at  electrical  contacts  on 
closure  in  air  was  rrtently  recognised  as  being  initiated 
by  field  emission  at  voltages  less  than  ltd!  vnlti.,,>u 

Neither  electrical  breaktlown  nor  appreciable  lickl 
emission  was  obsenetl  for  values  of  the  electric  tiekl 
less  titan  those  for  whk'h  tiekl  emission  is  predicted 
theoretically  when  very  high  vacuum  soil  smooth,  clean 
elet  tnale  surfates  were  obtainetl.  l-ntler  such  conditions 
anti  with  static  (aitentials  less  than  20  kv,  the  tield 
current  density  from  a tungsten  single  crystal  followed 
the  vnlue  predicted  by  the  wave  mechanical  lickl 
emission  theory15  up  to  a current  density  of  the  onler 
of  10*  amperes  rm5.M*  At  larger  direct  current  tlensities. 
electrical  breakdown  was  obsenetl.1  Vntler  similar 
rjqterimrntal  conditions  when  mkrttsecoml  (totentials 
up  to  .10  kv  were  used,  the  fiekl  current  tlensity  in* 


"K.T.  Navsnl ami  t).  Alnrrt,  Krv. !W.  lastr. 21, ft. 371  (l«». 
" W.  M.  Mott  Ingham,  Anatracta  of  KTekl  Kmlmlon  .Seminar, 
l.infWkl  t'otlegr.  Ig,i  (unfmhHshoO. 

**  A.  Sommerfekl  and  It.  Hethe,  Ntmtourk  4n  rirsik  tj. 
Sprlartn,  HrtHn,  IP.U),  Vol.  24,  No.  2,  p.  441. 

'•  \V,  Srhottkv,  Phv*lk  14,  IW  flUO. 

" l„  II.  Ortntff,  /.  And.  Mty*.  22.  W < Wt)> 22. 1 1.M  t Wit. 
'•  l„  If.  Omtiet  ami ).  lx  HmttliTj.  And.  Htvr  25,  JM  fWJt 
» M II.  Ifitrfrt,  L lln^lk  lift.  Mt| 
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irc.i'cd  with  |a>li-ttli,il  in  llir  iii:titiser  pfrdk  led 

li\  the  lliton  « in'll  -| mi  i'  i barge  rlfii  l»  were  fi  t in; 
ui/rd ■ nj»  tn  a critical  > urri'iit  ili-i^ily  J , in  the  range 
in  Id*  .mi|*rts  i in', * a further  iiunnnr  in 

t urn-tit  den«ity,  tin-  in>rtn.it  field  cm  k- urn  wa«  termi- 
nati’il  hy  a lun.ilil|n*l.mir  vattttim  art  which  altered 
tin-  emitter  (niltirlri.  I\\  idetice  indicated  tli.it  the 
c.ctiuin  art  was  caused  by  thermal  rBfils  when  the 
rtiiittiT  a. i - hi-.itrd  by  a current  density -.|?'j"ciidciit 
jirui  t>'..  tin1  resistin'  tm'i  liani.Mil  living  »c!h’  |io**ihi!it\ 

ll  was  rts  ogni/.ed  that  resistive  I tearing  w null  I (•nivuk- 
an  ii|i)st  limit  fur  jin’  current  densities  emitted  stably 
am!  it  was  iWmIiIt  In  *!»»••.  whet  her  or  mil  the  densities 
obtained  in  reference  I tonvs|»Mnk«i  to  that  limit. 
Cahulntkm*  an*  (iresented  in  Part  H of  the  present 
work  tor  the  temperature  rise  e\|*vtnl  in  a typical 
tiehl  emitter  due  to  the  resistive  prist's*  wlien  the 
simultaneous  di**ij«ati«>ti  of  - heat  l»y  conduction  is 
1'iHtsiilereil. 

**»rt  I ate  |Mvsented  several  rx|wriments  con- 
cerning are  ini*  iatioti  umler  i mu  I it  ions  of  excellent 
vacuum  ami  a clean  tungsten  cathode  surface.  The 
evhlenee'  indicated  that  eh i (rival  breakdown  umtrr 
such  conditions  was  not  ile|ienilent  on  Uunimnlnietit 
of  the  cathoiic  hy  posit  i*'e  ions;  however  that  evidence 
was  largely  indirect  ami  hv  no  means  comjdete.  The 
contribution  ni  such  cathode  Immbardment  was  evalu- 
ates) by  mote  direct  met  hoi  U in  the  jwramt  work  in 
order  tn  (t)  determine  whet hrr  or  not  yet  larger  current 
densities  desired  for  several  e*|»eri men!*  were  |ihysH-ally 
attamahie,  and  f2>  better  hlentify  the  mechanisms 
fundamental  to  are  initiation.  Homliardmenl  of  the 
cathode  was  minimised  when  the  production  of  ions 
was  limited  by  use  of  very  high  vacuum  and  clean 
electrode  surfaces.  Bombardment  of  the  cathode  by 
chemically  active  ions,  if  a|»|>rrt table,  was  recognised'* 
from  its  effect  on  the  emission  pattern  from  the  clean 
tungsten  emitter,  which  pattern  was  viewed  In  a modi- 
fied Mueller  projection  tube.'*  In  one  experiment, 
bombardment  of  the  cathode  by  ions  formed  at  the 
anode  was  iwecluded  by  use  of  a voltage  pulse  whose 
time  duration  was  short  com|«red  with  the  ion  transit 
times. 

In  a second  experiment,  the  air  formation  was 
observed  with  various  voltages  up  to  60  kv  of  micro- 
second duration  to  determine  whether  or  not  fl)  large 
field  current  densities  were  emitted  stably  at  high 
voltages,  and  (2)  breakdown  depended  on  total  voltage 
in  the  manner  reported  by  Trump  am!  Van  ile  Gruff 
under  other  experimental  conditions.  No  such  effect 
was  observed  when  voltages  were  afiplird  for  short  time 
intervals  hy  Kilpatrick,*  Sloan  and  Goodman,'  and 
hy  Dyke  and  Troian;'  however  the  voltage*  used  in 
reference  1 were  low,  i.e.,  5<  I’ <.12  kv. 

A third  experiment  » tJesrrilsed  in  which  the  normal 


'» B.  W.  Mi 
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, Z.  Phyia  Ms.  til  <|9J7). 

I.  A.  Itadkar,  SfS  System  Ttrk.  J.  M,  907  ( 1951 1. 
K.  W.  Mueller,  Z.  fliysik  IM,  Ml  (I9J7». 


Itt'hl  current  |krit>r  S»«  art  was  iont|  cared  by  direct 
measurement  with  the  current  during  arc.  1 he  magni- 
tude of  1 lif  Utter  u.is  |>r«  t kuisly  inferred : front  the 
voltage  wave  sliajie  through  i iri  uit  analysis. 

Anomalies  in  the  prr-nri  )*rformiui« e of  the  tiehl 
emitter  were  ulisne'l  which  showed  that  ehstrnai 
breakdown  is  jiredii  table  and  not  random  under  the 
present  e\|ierinieii1.tl  conditions 

EXPERIMENTAL  METHODS 

l-iehl  emission  is  known  to  initiate  the  eh<  trii  a I 
breakdown  whose  study  is  the  subject  of  llie  present 
work.  It  therefore  a|r[*ared  logical  that  the  met  hall  isms 
involved  ill  the  initiation  of  tlutl  Itreakiiown  couhl  lies! 
lie  him  lifted  bv  an  experimental  method  which  jier- 
mitted  a simultaneous  determination  of  the  values  of 
tltr  variable*  fumlamental  l«  tiehl  emission,  i.r..  current 
density  J,  electric  held  F.  and  work  function  o.  Tliese 
variable*  are  related  in  the  tin*  tret  it 'al  expression 

J -1.55X10  *< F*  «) e\p[ - 6.K5X lu’obiyt  >1.  til 

wliefe  ,1  is  in  amjiere*  rm!,  h is  in  volt*  cm.  and  6 is 
in  electron  volt*. 

In  nwiv  of  the  earlier  ex|<erinietils.  unresolved 
surface  RCoTOc’.ry  oj  tin  emitter  pit-dueled  accurate 
calculation  <tf  )mth  ! ■.  J.  When  field  current*  were 
hienlitird,  u*r  was  matle  of  the  empirical  relationship* 
Is1! ween  current  / ami  voltage  I': 

/ C‘cvpt-/U  >,  (*) 

which  is  an  adequate  procedure  provhlcsl  that  (’ami  /< 
are  constants  as  su|t|«isnl  by  tlie  authors  of  Krp  t2>, 
who  roitctl  the  rig- in  ms  r\|icrimetilal  conditions  re- 
tpiirml  lf»r  that  puqstse  ivrry  high  vacuum  ami  clean 
surfaiesi.  I'mler  c\|ierimriital  lomlitions  which  ate 
less  favorable  but  mure  frrtp.icntly  rc|*»rtrtl  in  earlier 
work,  significant  time-«lc|irnilriit  changes  in  Itoth  (' 
ami  H are  ex|wctcd  in  virw  of  the  recent  tiehl  emission 
literature.  These  rrsult  from  changes  in  due  to  surface 
eontaminatHm"-1*  " " and  from  changes  in  F due  Itoth 
to  the  growth  of  crx-stallitesof  impurities  on  fheemitting 
surface11  and  to  the  surface  migration  of  the  emitter 
material.51  A plausible  combination  of  lltese  effects 
results  in  a change  in  J in  excess  of  a factor  of  10*  at 
rnnstant  voltage.  Tse  of  Kip  l!'  when  cxjierimental 
comlition*  are  such  that  (’and  K arc  not  constant  cuuld 
result  in  failuie  (It  to  hlentify  field  currents  as  such, 
ami  <21  to  identify  the  mechanism  liv  whit'1!  tiehl 
emission  initiates  eleiirical  hmtkihiwn. 

The  transition  between  the  normal  tiehl  emission  and 
the  vacuum  arc  was  studied  previously'  with  improved 
field  emission  techniques’5  through  which  the  values  of 
electric  fiekl  awl  current  ilensity  were  known  accurately 
jirior  to  hirakilown.  Those  technique*  were  again  used 

* K.  A,  Millikan  anil  lauritum,  IW.  Xal.  Acad.  Sci. 
t*.  S,  It,  i iiviai. 

» K.  W.  MueHrr,  7,.  IHysik  l».  (PM»l. 

• I hkr,  Tridan.  Ilotan.  aial  Humes.  J.  A|x»t.  ITiv*.  21.  570 
tl95.ll 
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,!•  iiii-  pti-xnt  jiajs-r  ami  in  addition  I la  \alu»>  »!  tit*' 
work  Miiu  turn  k|  the  emit  11m:  «airt.i«  c wen-  know it  front 
!>rt  \itm*U  publidicl  <Uta  lt«r  «S*-ati  tungsten,"  when 
the  < lt-anlmi'v>  til  tin-  [•resent  «*r**ttti**t£  *'  ta»r»  »a« 
determined  In  an.itt  >i«  «>t  ihr  rln  Iron  t-itiiwknt  |utt*rn 
• ititaiiH'il  in  a Mut'tlrr  |*roje«  lion  tills- 

Smtr  the  wiiium  art  i«  initiated  in  tr**  than  a 
niit  rtwtsoud.'  tt  was  twsesssry  ti«  wwl  tin-  |>n<sriit 
.lata  during  individual  ! imr  interval*  ••«  that  <»r«ler. 
Voltage  u:i*ap,tiirdasit  |Hilsr  til  mi*  row*  oud  duration: 
titling'  a*itl  • um-til  vtw  retooled  as  ■ is- dkigrajih*  lt> 
prevkiuslv  published  met  his  I*1  aatl  data  v.rr*  iisken  mi 
ait  individual  |*ul*c  lusts  I'  rout  mrasi  rr m*‘i>  » •**  Ihr 
••scilkigraiiit*.  tltr  v urn-nt -voltage  rrlationrnip  was 
■k-trmwied.  A ;>lmtogni|>}i  trf  I Hr  electron  rmissku 
|iattrrn  was  taken  during  raeh  microsecond  current 
|tulsr. 

The  present  rvjwrimenl*  were  conducted  in  the 
modified  Muc-llrr  project  km  tube.  shown  in  Kitt.  i. 
Klee  irons  diverged  from  the  hr  hi  cat  Ins  te  ('  ami 
mifmiged  tut  the  amnir.  a phoq«h*»r  screen  /*,  where  tlte 
rnlargrd  rlritnut  emission  fstltero  was  virwrri.  The 
serren.  a thin  U\-er  <4  willemitr  ; i mg  i«!l  was  <le- 
(medled  on  the  inner  surface  m one  bemiqdicrr  of  the 
Tyre*  rtivrhtjw  li>-  the  lacquer  Sow  method.  In  nftlff  to 
jirnvkle  a low  -imjte*btnrr  ctttale  wrhk-h  would  romluct 
arc  currents  of  the  order  nf  1«1  anqiere*  without 
significant  a noile  jotentiai  drop,  a thin  layer  of  alumi- 
num n.Mit.M,  connected  eterlrirally  to  the  anode  hunt 
.1,  was  evajmrated  onto  the  inner  surface  of  the  pho*- 
l»hor  and  <>n  the  remaining  inner  surfaces  of  the  Pyres 
Hash.  The  aluminum  him  was  transparent  tn  primary 
field  electrons  with  energies  used  herein;"  it  was 
relatively  ofwque  to  lower-energy  serondary  elertmna, 
to  light,  ami  to  negative  inns,  thus  limiting  emtsainr. 
IMttem  atierratinns  due  to  those  causes.  Since  the 
aluminum  film  shielded  the  cathode  from  stray  fields 
due  tn  charges  which  accumulate  on  insulating  surfaces, 
it  was  [«  amble  to  calculate  the  cathode  electric  field 
accurately  from  the  measured  potential  ami  emitter 
geometry  In-  jaevlousiy  described  techniques.** 

My  use  nf  the  es|tefimenial  tube  In  Kig.  I,  it  was 
lusstlde  tu  nhserve  a aeries  of  electron  emission  patterns 
which  were  exposed  during  individual  micraaemnd 
intervals  at  successively  mereaard  values  of  the  applied 
I agential  during  the  transit  ion  fiutot  the  nntrtrutl  fieltl 
emission  to  the  vacuum  arc.  From  the  .rmiesion  ; wttems 
it  was  possible  to  detect  surface  contaminant?,  crystal- 
lite growth,  and  Mrface  migration  or  other  geometric 
change  at  the  cathode.  It  was  also  possible  to  monitor 
residual  [tfessure  nf  chemically  active  gases  anti  to 
•Select  gap  traversal  lay  anode  Ion*. 

Pressure*  of  rhnrhaliy  arthe  gasrs  of  the  onlrr  «if 
111  ,J  mm  of  Hg  which  were  used  in  most  of  the  jiresent 
work  were  obtained  by  methmls  discussed  in  referemes 
1 ami  II. 

» M.  II.  V«rM».  Pfcrs.  ge*.  57.  JUT  1 

:*  It.  IV.  Ki»lm  ami  I..  IVn*»k.  W.t  tin.  7,  S tW*n. 


I h.  t.  bqirnmmtal  arid  en»i»»i<si  tube.  i(*i,  firtd 
Uth-alr,  ‘A',  aluminum  tjtlol  willrnutr  amute. 


Tun  . l.itngc.  •«  ttm  voltage  [wiser  of  reference  I arc 
noted.  It*  t»w  ;<:c^.nt  work,  J-mkrosccond  pubes  were 
olttatned  from  an  artificial  line,  while  shorter  pulses 
were  obtained  from  a 70-ohm  coaxial  cable.  For  high- 
voltage  muwsecond  nperatkin.  a ftlO-kv,  lOO-amjwtT 
I tube  transformer,  sullied  by  the  University  of 
California  Radiation  Lalairatiiry,  was  used. 

MOULTS  AMD  CONCLUSIONS 
1.  Coincident  Anemalies  la  the  Currant  PuIm  tad 
Emission  Pattern  Which  Mark  tha  Onset 
of  Breakdown 

iitr  r\|icriinental  data  from  emitter  0-38  were 
morded  as  shown  in  Kig.  2.  Kadi  emission  pattern 
photngnqih  and  the  oscillographs  id  the  current  ami 
voltagr  waves  with  which  it  wo*  coincident  were 
obtained  during  a sutgle-mk'nwecoml  interval  of  ojiera- 
tkm.  From  those  amt  other  similar  ilata  from  the 
same  emitter,  the  current-voltage  rc la t kinship  for  its 
combined  direct  current  sml  pulseil  alteration  was 
|dotted  in  F'ig.  3.  In  thet  figure,  the  several  cxjicrimcntal 
I mint  s which  are  lettered  corresjaiml  to  the  data  with 
the  same  letters  in  Fig.  2.  These  data  are  ly|iical  of  that 
from  each  of  fifteen  emitters  which  were  tested. 

The  juesrnt  study  nf  electrical  breakdown  will 
consider  the  tiata  at  the  large  current  extremity  of  the 
graph  in  F'ig.  3 ; However,  a brief  iwrenthetiral  comment 
on  the  rest  of  the  data  in  that  figurr  may  he  instructive. 
The  grajth  departs  from  linearity  at  (’,  such  departure 
being  similar  to  that  observed  for  other  emitters.1 
The  tlqwrture  was  assumed  to  lie  an  effect  of  space 
charge  or.  the  cnkl  cathode  rmiashm.  Figure  13  of 
reference  I ilrsrrilwd  the  |>nil table  effect  of  the  space 
charge  upon  (lie  surface  distrilmtion  of  the  field  current 
•lensitv,  Tlial  result  Is  qua  lira  lively  confirmed  by  a 


» 


i 


I I 


i 


i 


IiVKl.  ! Kill  \ N , MAIM  IN.  \NH  IIAKIIOIK 


niiitHi  I i't  t !iti'>^niu  |*  Mnirt  in  I 1C*..  JA  * an*! 

|;  I In-  (••niit  r was  taken  the  tartest  current  for 
iliii1:  -j>,nc  < 1 1,1  rye  was  nt^ii^ihlc . ihr  Litter  et«rrrs- 
kuhIv  tn  .1  markeil  sp-i*  *--*  liargc  ittrttiein <■  As  may  In- 


t *»  » n* 

4m|«f 


-J  i n from  the  inrrvsjKmdiiii’ emission  iialfcru.  I in.  2tlt». 
-.pate  * hit  rue  rrsulted  in  a rri.i  lively  uniform  turrml 
< tensity  icstepl  in  the  high  work  function  illtp  < ryslal 
dirrc  tinnsi  over  an  in*  rrasrd  emitting  area  im  lulling 
most  of  the  emitter  hemisphere.  The  unrein  ion  lw-tweeii 
• urri  iit  i tensity,  * rvstal!<igra|ihi*  direction  and  emitting 
areas  on  the  nurture  of  such  hemispherical  single  crystal 
tungsten  lielil  emitters  is  ihscritied  risrwhcfe.n;* 
more  quantitative  analysis  of  the  effects  of  s|sn  r charge 
■in  tiehl  emission  will  lie  submitted  for  p*,bliiati,n)  at 
.t  Later  tittle. 

Markeil  changrs  in  the  normal  (irrfi.rman*  e of  the 
tiekl  emitter  were  olwervrd  just  jiri**r  to  electrical 
lifeakiktwn.  Anomalies  ajqiearni  tmth  in  the  rurrrnt 
wave  shajw  ami  in  the  emission  |*atlem  i luring  a .III 
invent  increase  in  ciitTrnt  ilensity  to  tlw*  critical  value 
3,  at  which  arc  resulted.  However,  if  arc  was  avokletl 
liv  keeping  the  current  ilensity  below  J„  those  prr-arc 
anomalies,  ami  the  entire  |nformance  of  the  emitter 
at  ail  lowrr  current  *lensities  were  rrjirmbti-ihlc  ami 
tr\ visible. 


* * X !*»  * nroi*i* 
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F».  1.  Typical  ^mlmmtai  data  aa  twtilal  for  emitter  Ml  inch*  ting  rmimirm  natters  iihotagrapii*  (left)  and  correa  woding 
neat  and  volt  nr  nariBagrapha  (right)  at  veiinaa  carrent  and  mil  sue  levels  h»a  are  lettered  eorrnfiurxKn*  In  points  with  the  mine 


mrrent  and  voltage  nariBagrapha  fright)  at  virions  current  and  ro 
letter  on  the  graph  of  Fig.  .1.  Direct  current  operation  at  (B),  palanri 
traiiag  edges  of  the  current  puhe  were  due  to  circuitry,  not  field  < 

“ I.  N.  Straaaki  and  ft.  Submenu,  Ana.  Phynk  1,’IJJ  (1947). 


inn  at  (C),  fDI.  (Kl,  and  (F).  Pmiharitie*  at  the  leading  aad 


Km;.  2.  I'tm timmti.  g 


One  of  »he  |>re-arc  anomalies  in  emitter  jcrformamT  Electrical  breakdown  in  the  form  of  an  expktsive 
was  an  increase  in  current  with  time  while  voltage  was  vacuum  arc  occurred  when  the  a|tplird  |»>tential  was 
hehl  constant  [Fig.  2(Ft"].  That  anomaly,  |»revtously*  increased  I percent  to  2 |xrrent  nfsive  the  value  for 
called  “tilted  current  pulse"  ami  abbreviated  as  “tilt"  which  ring  and  tilt  were  observed  for  each  of  four 
hereafter,  was  not  characteristic  of  the  cold  cathode  emitters  which  were  so  tested.  King  and  tilt  were  thus 
held  emitter.  The  normal  field  current  was  constant  identified  with  the  onset  of  electrical  break* town.  An 
when  voltage  was  eonstant  as  was  exjirrleri  from  Kq.  im|*>r1aiit  olwervatinn  is  that  electrical  breakdown 
ft).  Such  a normal  current  |Hilse  is  shown  in  Fig.  2(1)),  was  predictable  and  not  random  as  often  subsist'd, 
which  was  typical  of  that  obtained  from  lower  currents.  Since  electrical  breakdown  was  predictable,  it  was 

With  the  tilt  there  niqvrared  simultaneously  sn  avoided  to  prevent  the  usual  emitter  damage  which 

anomaly  in  the  emission  pattern,  a “ring"  of  electron  accompanies  breakdown  [Figs.  5(0  :>nd  7"},  in  ortler 

emission  concentric  with  and  external  to  the  normal  to  obtain  thr  rlectron  micrographs  of  emitter  0 .W  • 

l«attem  CFig.  2(F')-].  Evidently  the  ring  was  not  due  to  shown  in  Figs.  4(A)  and  4(H).  From  those  microgra|ihs 

electron  emission  under  the  influence  of  electric  field  the  emitter  geometry  was  iletermined  as  an  aid  to  the 

alone,  since  the  increase  in  ring  intensity  during  the  calculation  of  Imth  electric  field  and  current  density” 

serif.-,  of  |Mttems  2fD)  through  2(F)  was  considerably  The  emitter  was  stable  during  ring  and  tilt,  as  judged 

greater  than  that  ex|iected  from  Kq.  (I)  for  the  .1  |ter*  from  the  reproducibility  of  its  ivrformancc  (including 

cent  increase  in  .-qiptied  jmtential  during  the  aeries.  The  ring  and  tilt)  as  shown  in  Figs.  2 and  A ft 

expected  change  in  current  density  was  a factor  of  I A Ring  and  till  were  observed  at  a critical  value  of  the 

while  the  observed  change  in  intensity  in  the  ring  was  current  density  in  the  range  for  which  electrical  break- 

in  excess  of  an  order  of  magnitude,  hased  on  an  estimate  down  was  observed  for  other  emitters.*  The  critical 
aided  by  a densitometric  analysis  of  the  photographic  density  .7,='fiXI0Tampvres''cm,  for  the  present  emitter 
negatives  of  the  emission  pat  terns,**  was  calculated  from  Kq.  (7)  of  reference  I.  J,  was 

" n’rtei  Tmlaa.  l)olan,  awl  Cruwlhauier  (to  l«  pubKihedl.  approximately  the  nventge  current  density  through  the  # 
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. !*tst t*-f  X\  m I ig.  4Tt*,  liial  |i*<t(*ti*  of 

• I l"*  l|U'  -I  I*  'Ki'  uu-i.t  uf  tig  I K*.  . urihcr 

;■>  t a.fti  ti  to  Hit*  |.O  t MUI*.  .tliMTV.ilSoli  lliut 
i-.t-i  in. .«!  )•>••  *Utnw it  i»  initiated  In  a torrent  <k*ti«ui\ 

• la-nf  itH-t  li.mtMii  uiiitrr  the  | .r.-M-hl  i-\|«-rtnit'iil.il 

. ..n. lit  Min*. 

It  mil  Ih  .iinnti  in  Purl  M >•(  this  j«|irf  that  rmitlrr 
IrtillH-ralim*  .ijifinw.  long  I lit*  melting  of  tungsten 
i*.  t*\j«*«  ted  Iron*  (Ik*  resistive  general  km  of  lira!  ‘luring 
the  < tiii"Miti  nt  i urrt-ii!  densities  4|*|>m\ima1rU  equal 
M thr  nJtM-ntil  values  of  J,.  It  is  jirrsmtly  sti|*|ii**rd 
ilia  I tin*  riu.  ami  tilt,  ami  tin*  rlcctrieat  lirrakibiwti 
with  It  they  jHTrialr.  wrer  initiated  by  thrrm.il  effects 
a<  coni]  allying  tluit  tmijirrat jrr  nterrase.  It  follows 
front  th**  resistive  mechanism  that  llu*  rmitlrr  tempcra- 
turr  increasr*  with  time  *lurit»n  microsecond  interval* 
<.i  n|*' rut  it  in  ami  front  tlur  the*  try  of  (ttiSh  ami  Mulliir  ’ 
that  sin  li  a trm|«*raturr  im  nuM  would  cause  a rorrrs- 
I smiling  increase  of  rtirrrnt  tier*  si  tv  with  limr.  THU 
effect  i*)>rr«umed  to  account  for  the  tiltrd  rurrritl  jhiLw. 
Sinn  thr  ritte  amt  tilt  orrur  simuttanrously,  ami  simv 
neither  ran  lie  accounted  for  Ity  cold  eathodr  lirtd 
emission  atom*,  as  notrtl  above,  it  is  |>mhahlr  that  forth 
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t'oi.  .t.  Cumml  vnkaar  rrkliaaaitifi  lor  ramUneil  itirnt  tun  tut 
amt  imtw*!  optntinai  >4  owttef ft Ilataai  iMi.  (O,  till,  (hi, 
out  iVi,  owrnpimii  l»  the  thus  at  I Or  watt  letum  ia  li||.  1. 
^>w.rlamfwrt«»m4mw4alnawal»tliwfi('l;i»aahi 
in  iiw  Mm!  fTRoain*  |tftiitSi4  rirrlrini  Itmtiitna  n err 
nimttvtt!  from  ( I>*  t»  iKi. 


" K.  thill*  and  l\  J.  Multis,  Ptiyi.  Rev.  41,  JJt  (|4U). 


ftii  t I . are  i|*h*  t«  rlei  fftrt*  nnhsioi!  at  litjjlt  held  ;nni 

high  tcinjn  r.iiuri*. 

Vvailahh*  ecitkiue  iodit a lev  that  thr  ttr»|**ral*l re 
niiuirol  for  ring  ami  tilt  was  mar  the  melt tug  t«ni,t 
o|  tungsten.  l-.vajioraiiil  rmitlrr  material  ajijiear  I to 
(«•  d*r  Mitine  #*f  the  {msifivt*  ions  whit  It  are  required  to 
noundi/i-  sjiatr  < harge  during  tin*  large  imrrtisr  in 
t tirrrnt  a<  * oM<f«uiying  thr  transit  it  a*  from  lirltl  emission 
to  sat  mint  an  .1  Tmtj*rrature«  in  e\.e»s  of  tin*  melting 
|*oti>t  an*  rrquirrd  for  the  oltsrrsetl  def<*rmati>>n  i*f  tltt* 
latitude  during  an  [Figs,  5tC*»  ami  7 ! Furthermore 
the  im  reuse  in  rin*  intensity  during  tin*  srHer,  of  Figs, 
2tl»i  through  2tFt  was  rmratleraldy  greater  ihan  thr 
current  .lensitv  increase  jirrdieted  thenretkally*  tor 
lemts  ratw'rs  less  than  2t>lfV‘K  to  which  the  thton*  is 
limitisl.  When  tin*  emitter  was  treated  to  Jllit'K  from 


ht«*  * <A»  ant!  iMi,  elertme  nurmcraph*  i4  no*  profile*  i4 
rmitlrr  It  .»  at  W'  » ilh  lefxn  In  cart*  iithcr;  it*i,  an  rmtminn 
IHturm  |4Mif«n(4i  tnwn  rmitlrr  »-.«  elmtiral  with  IT*.  SiV>. 
‘I»i.  an  mhottromil  «4  .Hi,  shims  rin*  emit  ling  ana  KK. 
minimum  rtnitlrr  t-r.r»  srrtiun  V V sHrrr  ruin  nt  itmsily  was 
musimum;  shies  t amt  11  mrrr*(itm.l  to  thou*  *itlrs<4  thr|*allctn 
at  t,  thr  (stlar  ancle  («>»  thr  aftpnntmatr  hratit(<hrrwal 
rmitlrr  tii<  »a*  mr»*u»nl  rrtativr  to  the  ajtri. 

an  external  heat  sottrtr  tits  suj*j»*rt  tiLimentl  the 
emitter  was  stable  during  the  emission  «»f  mitTmrtnntl 
turrent  ilensitirs  less  than  J,  .1  and  no  evitlcmT  of 
ring  amt  tilt  was  then  oltservrd.  I'rrsumahly  trm|*eru- 
tures  greater  than  2lfh»'K  are  mjuiml  f**r  tlvar  effesis. 

It  is  imjwtftant  to  mrte  that  the  rrsisrive  generation 
of  heat,  together  w ith  the  jurriiiictF1  im  reaseof  current 
drntuty  with  trm|eratun*.  combine  in  a regertera the 
|inxTss  yieMing  further  increases  in  both  current 
density  ami  tem|*rnituie.  If,  as  su|  fumed,  the  resist  he 
mechanism  imslmes  an  incteatx  in  tem|ietatuie  to  a 
'aloe  near  the  melting  (mint  of  tungsten,  further 
increases  in  teni|eraturr  hv  the  regene  tat  he  |*mces» 
would  ira«t  to  emitter  instability,  ftartrularh'  in  view 
of  the  large  rlrctrical  f«*nr  no  tlte  emitter  tip.  The 
tilt  is  rrgardrd  as  evitletMT  of  that  regenerative  (imcess. 
Kmitter  instability  ainmt|aniet|  electrical  breakdown 
[h'W*  5(0]. 
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I !«•  .tii-.i  v.  hi.  i t*'i  Hii^  t-mt— .(.hi  uthfitiiilnl  wa- 

-•i.ttol  (is  tin-  .iirj»rn\(iiM!«'  regem  A’A*‘  ! Hi*. 

! fi.it  prolife  1.1  lilt'  iltlfHrt  t'  :U1  llllirgchH'Ilt  of  Fig 
I |i  < t|  i r>  <i.ilfin»r,t|4iii  <l«-t.iil  in  ll*r  ring  at 

,(Mt|  * I m,  I <*  , to  .fill'  • r\  stal 

t.i,  i»  * it  mu.!  .it  n t 2 ' fig.  I ’.  Imwrvcr  the 
i-mi'hi  in  the  rrgt.iii  A’A’  .d<*»g  the  **«*itl«*r  dunk  i- 
ii:'nTt.*i:i  It  tt.i*not  |»i«ilili‘!ii«ji,iiirjMifciiliiit»iil  the 
<!tnt«‘:i.ii tit  oj  tin-  |wttcrn  ring  ti.  ih-u-rmint- 

I !i«*  arr.i  A* A’  %iihc  tlu-  matin ilii  .ition  in  thr  * ditritioii 
in  ilia)  j*.irt  «•»'  tin-  (•«»'-> ion  }«ltrro  was  unit*  small  due 
to  tin-  Urge  r.olii  ot  mrvatun-  at  t lt<*  mmr«|io«ding 
siifi.n  i-s.  I tu>  .iitt.i  n!i\  |.m!miisl  i ah  n tat  mu  of  the 
ticigtiiUtde  *»i  tin-  • urn-lit  ilrttsity  front  thr  arra  RR 
in  thr  j in -si'ii  t rvjwruncnt. 

t hr  rUs  trii  field  was  i .it.ui.itni  l»v  tltr  im  tlimls  of 
rrfi-n-in  r for  surf  airs  wherr  sfiaii-'i  liargr  Hints 
were  negligible.  H>  this  method  thr  itrhl  at  R.  I in. 

1,  ft.  was  5.7XI*t;  v i tn  and  that  at  If  was 

v «m  when  thr  u|iplird  {mtrtitial  Has  **.*  Itv.  thr  \alut- 
(or  which  rint!  ami  tilt  were  i4umnl.  With  thr  same 
(Htirntul.  the  rlei-trir  field  at  thr  rtnittrr  »|*-x  wa? 
7 4X  t«:  v cm.  Thr  lattrr  hr  hi  wm  rahuhtnl  from 
T«j.  « 1 1 anil  the  olmerv-ed  value  of  thr  current  density 
simr  sjiarr  charge  nrar  thr  apes  preclwlrd  use  of  the 
melhctis  in  reference  22.  Ajn»armtK-  thr  difference  in 
lii'lils  Iriurrrn  R and  If  account*  for  thr  nlurrved 
ilttlrrrmr  in  ring  intensity  tn  thr  emission  pattern. 
Fig.  -FO.  at  thr  corresponding  point*  I ami  81  whnsr 
w-urk  function*  arr  similar. 

ft  may  hr . .included  from  this  section  that  rlretlhal 
tirrak'lown  was  (imlh  tahlr  umlrr  thr  rxjirrimrntal 
nanlitinns  used  in  this  work.  Kasih-  rrrngniaatdr 
condition*  li.e..  ring  ami  tihf  whirh  jurrhlr  an 
formation  haw  farm  established  ami  their  a^war  to 
Ir  <lor  to  rlnlran  r mi— inn  from  the  cathode  in  thr 
jirrsroce  of  high  rlrrtrir  hrld  ami  high  trmprratuie. 

Klectrical  breakdown  or  aimed  at  a critical  nim-nt 
ilensity  J,  of  thr  onfrr  of  10*  am|rrrs  cm’  for  thr 
mh-marmml  fir  Id  rmimion  from  clean  tungsten  in 
high  vacuum.  Break  down  apparently  resulted  fmm 
thrmv.l  effects  when  the  emitter  was  resist  tveh-  lira  ml. 

2.  Arc  Part ttoa  WHfcgi  Calked*  Bombardment 

from  I— » Ftmid  1 tka  Aaoda 

The  elrt-trieat  brrJcdmrn  described  in  the  pervious 
section  was  a|qmrently  initiated  by  thermal  rflrcls 
when  the  emitter  waa  trust  tveh-  heated.  The  rontri- 
button  of  other  heat  warm  appeared  negligible.  One 
such  source,  the  bombardment  of  the  raihurir  lay 
imsitive  inns,  was  intent  ionaily  minimurd.  High 
vacuum  ami,  in  some  rases.1  welt-out  gassed  elec  to*  Its  of 
high  melting  point  were  usnl  to  minimize  the  iwnductiim 
of  (maitrve  inns  hy  field  rlerimns.  IHirrt  n-irlrme  was 
obtained  from  the  tirhl  emission  |iattrms  (1-%.  2)  that 
Immlardment  liy  chemkrlh*  arth-r  ions  fand  residual 
gas)  was  negligible  | trior  to  breakdown.  Other  r%  idrrnT 
indhating  that  inn  liomlnnlment  was  negligible  is  seen 
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Ik.  5.  (A),  optical  miiiierink  nf  Ism  rmilln  jmsilily  slunr- 
ise  MniltrT  Xu.  t ami  emitter  No.  i a*  aiarkol.  > Bi  etrrtnia  mi- 
rnstnyA*  Ww  we.  (<*)  iknsw  miemgrapk*  after  we. 

fnim  the  nlwrrvrd  ilrjirnilmir  of  thr  break  thorn  on 
current  ilrnsity.  Hieakilnwn  ilue  to  ion  Immlianlment 
might  more  logically  hr  esiierteii  to  tkiirnd  on  total 
\-oltage.'  I nit  this  was  not  ol»srrved  umlrr  thr  |*resmt 
conditions. 

Although  the  evhlrnre  against  the  initiation  of  thr 
| we  sent  lueakdnwn  by  (msitive  ion  hnmlKtnlmefit  of 
the  cat  hoi  le  was  cmsiilr  ruble,  it  was  nevertheless 
largely  imlirert.  It  was  mtignuril  that  liomlianlnimt 
nf  the  <-athnde  by  rhemiralh-  inactive  ions  might  not  hr 
rerogniard  through  their  effects,  if  any,  on  the  emission 
pattern.  That  method  would  he  (mrtirulariy  ineffniivT 
for  detecting  km  Immhardmrat  along  the  emitter  shank 
for  re-Hons  which  |>ercludeil  an  accurate  rsaluation  of 
the"  iv  nrmt  ilrnsity  in  those  arras  in  tlir  pmnling 
sn  lion  of  this  pa|wr.  Furthermore,  the  usrful  features 
of  the  emissioo  {Mtlerii  were  destroyed  during  the 
vamum  arc  fser  Fig.  h(P)l  and  any  iimtrtfwtion 
i rf  ion  luNnhanlment  of  the  ratlHuIr  at  that  time  must 
he  judged  hy  other  means.  Ksperiments  ilcscrihed  in 
this  ami  in  the  following  sret ions  of  the  present  jmprr 
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writ*  |n  rti>rmc I t.>  lo't  t«  t ri.ilm.itf  *-n*  It  1«*  .i t in^j  inn  !i.i 
?![\»ns  jkfinr  t.i  .•■»!  .lining  ti*r  lirr.ikiiiiu  H 

1 \ji-f  iimiit*  .Uf  iIimhIi  iI  111  tills  >c,  timi  in  ultii  h 
s.i.  nmn  ir  * '.n  fr  i«fisiTM'<i  ttfirti  iMj>  tr.ui'f'si!  Iiv  inns 


..r  i luster*.  fnrmrii  .it  ilir  .umile  «;»*  |>m  Imfiil  In  usr 
ni  .t  v nlt.icr  fmtvr  win tsc  tinir  ituraijim  *j«  slmrt 
t>mi|«iri'<l  with  the  kj.iji  transit  linns  nt  tin-  material  in 
I [1(1-11  inn  \ stiit.ilifr  1 nmlminliiin  ' ^ i»;ts  a j.-miifii 
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Fk  A.  FjfieTunenUl  <i*!»  as  recon  W ihirinff  the  operation  of  the  twin  catbnle  shown  in  Fi«.  5,  i.\)  (he  ronslanriJ  mtanaai 
latter*  of  (mb  calhnie*  ilurin*  ihrect  nmn  i|ioilni  (Si  the  combined  pattern  with  current  and  isdtsjrr  nsriUrwr*|>b<  iturin* 
imbed  operation  with  spar;  charge  I wit  without  (vrrare  aanataKes.  (f*l  non  nharrvcd  concentric  with  rrniooon  palter*  from  ralhmtr 
No.  J;  tots!  curteat  trace  front  loth  ntbntM  "nhnf  “ •!»  photographs  obtained  riurinc  vacuum  an*.  tKt  the  rmisainn  pattern 
Irons  iac  eurvunaa  rathnic  (Vo.  ti  ■ (urine  'Km  l current  i^wratinn  after  the  arc  <4  cmthole  X«.  2. 

M K.  R.  Spanneahare,  Vatwmm  Taka  (\tcO*wHifl  Booh  Conn  any,  lac..  Mew  VoHt,  ItMli. 

"Geotfc  Banses  (to  be  published). 
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second  voltage  |m)w  ami  8.5-cm  clrctmdr  sjMcing 
• Fig.  I)  with  voltage*  twlo*  10 kv.  Such  an  arrangement 
exclwied  gap  transit  (hiring  the  |ml»e  time  by  ion*  which 
wfit  exjirrted  from  sources  mh  a*  aluminum  fmm  the 
anodr  or  oxygen  or  nitrogen  wburiml  thereon. 

Tbu*«|icratrd,  ring,  tilt.anfi  the  electrical  breakdown 
of  emitter  X-*2  resulted  at  J,»4XI0J  amjierr*  cmJ, 
the  curmfamdutg  value*  of  ivtmti  / and  voliagr  t* 
bring  /-0.07  amfirtr.  I'  «*M.K  kv.  The  value  of  J,  for 
thia  emitter  wa»  judged  from  i * electrical  Iwhavinf 
using  i4  ill  ami  the  method*  o'  ref  creme  1.  Hy  thia 
method.  J , waa  known  within  a factor  uf  .1  and  it  » 
noteworthy  that  thia  value  waa  in  the  range  for  which 
Iwrakdown  waa  observed  for  other  emitter?  .* 

The  data  from  other  emitter*  were  similar  when  a 
pulae  length  of  5XH*  * second  waa  wnl,  ami  that 
period  waa  eomiilmhly  «h«ner  than  gap  transit  time 
of  the  km  and  duster*  man  I ahm-e. 

It  ia  eonrludeii  that  ring,  tih,  ami  arc  forma  lit  mi  do 
net  require  the  bombardment  of  the  cathmle  liy  iona 
ne  rluMera  from  the  amnir  material  or  from  it  a aitsnrbrd 
pun  under  the  fiment  ex|icrimental  conditions. 


3.  Arc  Formation  With  Micro  second  Potentials  of 
Largo  Magnitude 

KiTciis  due  to  iNMulKirditteiit  of  iIm*  cathode  lay 
|» native  it mic  would  l«e  ex|wclrd  to  iiuieaae  with  the 
apldicd  |Mitrtitiai  Iwcauae  of  increased  it  mi  energies. 
Although  that  mechanism  was  judged  negligible  in  the 
rxiwriment*  juat  tlrscrilM’d.  it  waa|M<atulatrcl  to  account 
for  the  ’‘voltage  effect’'  ohsrrvrd  hy  Trump  ami  Van  «le 
Ciraaff*  at  higher  voltages  an  ! umier  rx|terimental 
conditions  diffrmtt  from  those  used  herein.  More 
recently,  howrver.  (Mwitive  ion  emisaion  coefficient* 
have  Imth  found  insufficient*  for  the  |mt|<o«rd  iwrtirle 
exchange  mechanism.* 

It  was  therefore  desirahlr  to  uliwnr  arc  formation 
with  the  |«res»*nt  techniques  ami  at  higher  voltages 
than  those  used  jwrviously.'  For  voltages  in  the  range 
5*M«»  Mlttkvan  rmitter  «>f  tip  radius  of  thesnlercf  lt!~* 
on  was  rrrpiirrd.  Quite  hy  duo  te  sut'h  an  emitter, 
X-62-.4,  was  formed  in  the  ex|<rrimenial  tube  from 
emitter  X-ri!  when  the  tip  <*f  il»e  latter  was  increased 
in  radius  to  t..tXto  4 cm  during  the  vacuum  arc 
described  in  the  jirrceding  cx|vriment. 
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ll  .(.i-  r i.  • In  mt-.t-tiri' ./,  itl  wnlrly  ditlcrrnl 

. ii  ' ' k\  and  Mf.t  kv.  other  rxfNTtiiiri.I.il 
. • -ti. Itl  It - ’■!  I!IU  ult  iilii.lt.  \t  tilt'  higher  voltage,  till' 
. mu  ,ii  . ui  it  it  i It- 1,- tit  ,1 , was  identito-d  I tv  liii*  rim; 
.m,|  till,  avoiding  an  an  in  order  i*»  obtain  ek-*tn>n 
tnii  rograpl.s  <•!  the  emitter.  I lw  resulting  value  of  J , 
t.o  kr,.i»ii,  vtiiliitt  .’ll  |uri  flit,  atul  it  is  *ignih<  ant  llt.it 
its  itt.t;!:;:' ./  >XH*'  .tl»l|«efrs  • III',  Wa*  ill  t loM' 

.lilfi’i-iisriil  itsl'i  dial  \% iiii It  initialed  tin-  low-voltage 
.in  i i die  '.iiiif  lulu-,  if..  J,  IX  l**:  an»|nTi>  « in  . 
Hnth  value*  .ire  in  die  range  found  inr  other  emitter*. 

Hi,-  e\|H-ii:ii  it.il  results  were  similar  w Ih-ii  ttthro- 
•u  iniut  • »•» rut i.i is  u(i  tu  sit  kv  lurv  ajijitied  tu  several 
tifld  fiuittfrs  in  tlif  |miiit-ni-|ilaiif  ty|n*  tul*’*  of 
reicrenie  1.  tiif  fit’ll  rot  If  s|miint!  ts’iiiK  tt  £ mi  to  in 
• in  in  \ariou'.  • a*c*. 

('.it'nslf  UimliartiriH'iit  was  not  im  I in  led  in  reason 
of  ion  i ran*it  t imt1  at  tiif  higher  vuliaus  ilt*s«  r it  nil  in  this 
section.  However.  tlif  hreakdow n did  imt  ajijuMr  to  (*• 
initiatfd  In  that  process.  Are  initiation  fviik’iitlv  dr- 
I mn list  i in  i urrt'tit  ilflisity  ;no  voltageelTci 1 was  observed 
for  tiir  fks  trim i breakdown  of  microsecond  |«itent>al 
undfr  tlif  |ir»‘srnt  cx|>erimentd  i midi  lions,  the  total 
\ ullage  range  fwing  r«;w»  kv  w hrn  previous  ilata1 
urn-  included.  It  :t|>|irars  that  the  initiation  of  break- 
down was  again  due  to  thrrmal  effects  accom|<aitying 
resistive  hf  at  ini! 

It  should  Ik-  noted  that  the  present  ilata  front  eaih 
emitter  were  olitaineil  from  a total  of  alsmt  two 
hundreil  individual  nth  neeriHid  current  pulse*.  It  is 
not  known  whether  or  not  other  |»rm  esses  would  initiate 
breakdown  if  the  fathmle  werr  rejieatedlv  pulsed  for 
lofl|t  |>rriods  of  time  at  tin-  present  voltage  levels 

The  ini|Mirtaiue  ol'  elean  surfaces  and  high  vacuum 
should  lie  cm|*hasi«’d.  Cniler  less  favorable  eonditioos, 
hrrakdnwn  was  not  predu  table  and  occurred  generally 
at  lower  levels  of  o|ier.ition. 

4.  On  th«  Bombardment  of  th*  Cathode  by  Iona 
During  as  Arc 

Bombardment  of  the  eathmle  by  ions  formeil  at  llte 
anode  or  in  t he  residual  gas  wax  judged  negligible  during 
an  are  or  during  its  initiation  tmvd  on  rvidrnee  pre- 
senter! in  the  foregoing  sec  tion*.  Part  of  that  evklemT 
wax  indirect.  The  field  emission  pattrm  from  elean 
tungsten  is  not  sensitive  to  the  small  amounts  id 
Helium  which  are  kw/vit  to  diffuse  into  evacuated 
l*vrex  cnvelofies  from  tire  atmos(»hrrr"  Ion  Ixnrdwrd- 
ment  of  a eatliode  during  its  are  could  not  lie  drteeted 
from  its  field  emixaioo  pottem  since  the  useful  features 
id  the  pattern  weir  then  < lest  roved  [see  Fig.  Will  for 
rxamjde'].  Fvklenee  on  the  magnituile  id  the  bombard- 
ment of  the  rathuile  hy  ions  formeil  from  inert  gas  |»rii»r 
to  an1  or  from  any  smirvr  during  arc  » jmrvklnl  in  the 
folbwing  exjxrinwnt . 

■Saul  Hushman,  SrintHi  nf  IVim  Trtkni^nr 

'John  Wiley  ami  Sum,  Inr.,  New  Yurk,  l*M**i,  |i.  5.11. 


i • '•  o!  ,i  Held  mlhodt-  to  monitor  tiie  eltn  I-  ol  imi- 
during  .in  art  .it  another  lalliodi'  ap}H-arcd  tea-ilile  A 
sfso  ing  Is-twifii  talhoih's  vv  It  it  Ii  was  small  > Jig.  5-  A ■ 
«oni|Kirei|  to  tlwir  s|uu iug  from  a loiumou  anode 
' Fig.  t 1 provided  simitar  proliabilities  for  the  iMimliard 
tnenl  of  eat  Ii  mtlu»le  by  ions  from  the  anode.  Willi  an 
a untie  to  tathiHlc  *|«i  ing  of  | . ni  ami  a mi<  rosei  ond 
applied  |xitential  of  17  kv,  gap  traversal  by  ions  was 
jxissilili-  during  the  pulse  lime.  The  mthodes  had 
nearly  identiial  geometries  \ Fig  ' ll  .tinl  heme 
nearly  i-i|iial  value*  of  elet  tri*  ft*  Id  and  t urretil  density 
for  a tiwunion  *. alite  of  the  applied  |«ilrtilial.  This 
arrangement  was  i liosrti  for  reasons  %*!»•  it  follow. 

If  a v.itiium  an  was  initiatetl  by  a itirretit  density 
•ie|ieiith'tit  met  lianisiti,  us  *up)niscd,  breakdown  shoti'd 
• Htur  first  at  that  tathodc  with  the  greatest  • urrent 
density.  If  the  art  involved  primarily  lathotle  pile 
nomrna.  it  was  recognized  that  an  art  a*  one  tailiislc 
might  not  cause  an  arc  at  the  other.  In  this  event 
eiuuninatkin  of  the  emission  pattern  of  the  surviving 
eathmle  would  viehl  direct  evidence  mmcming  the 
nugnittnle  of  cithmle  immliardineiit  bv  ihemnally 
active  ions  from  the  aniMle  or  the  rt.tidu.il  gas  during 
a.«  at  the  inker  eathoile.  <Hi  tin*  other  hand,  if  all  are 
at  one  cattns.  ini.iatMt  an  arc  at  the  other  at  a lower 
cunenl  demit . ^-n  that  for  whklt  an  was  e.\|si  ted 
at  the  fatter  catlnxle.  then  kin  Isimliarilnieiit  would  la* 
sus|vcte«l. 

Two  nmlle-sha|asl  tungsten  field  emitters  on  a 
common  sup|«*rt  filament  [Fig.  5(A)]  were  fabricated 
by  |«rrvkmsly  ilescrilieil  trchnuiurs"  llte  two  emitters 
had  nearly  hientical  cone  angle*  after  their  simultaneous 
eltHtmlytii  clilt  in  normal  NaDII  [Fig.  5tB>).  Wlieu 
the  emitters  wen-  simultaneously  heated  in  the  e\|»eri- 
mental  tilin'  during  the  oiugassing  pnwedun-  Imtli 
emitter  tijis  were  slia|n-d  into  approximate  hemispheres 
of  nearly  e<|iuil  radii  bv  the  surface  migratkm  of  tung- 
steii-on-ttingsten.''  Fleet nm  micrographs  of  each  emit- 
ter were  olitaineil  after  the  ex|<eriment  [Fig.  5(0  l 
That  shown  for  emitter  No.  1 was  also  appmximntely 
the  geometry  of  emitter  Xo  J lirfon*  it^  arc,  ns  will 
lie  arguml  in  tlie  following. 

When  oj’erateil  in  a Mueller  pmjettion  tulie  (Fig.  II, 
emitter  No.  2 su|i|»lied  tvvo-thinls  of  the  total  field 
current.  The  ratki  of  currents  from  the  two  cathodes 
was  iletcrmined  by  a dcnsitomctric  analysis  of  llte 
|diol<«gni|i)i  of  tlteir  combineil  emission  pattern  prior 
to  arc  [Fig.  Ml*)],  ’llte  result  was  consistent  with  tlie 
current  ratio  found  from  a eotn|Kiris<Mi  of  the  total 
current  fn»m  Imth  catlmiles  prior  to  arc  [Fig.  fit  A'  ] 
with  the  nirrent  from  the  singb  surviving  nttlMnlc 
Xo.  1 after  arc  [Fig.  M F>1.  tlie  cont|iarison  Iteing  matle 
at  a common  value  of  the  ajiplird  |siteutial. 

'llte  icrformancc  of  the  twin  catlnsle  during  the 
transitioii  from  lieM  cmisekm  [Figs.  6(A)  to  6(1’)],  to 
the  vacuum  an-  [F’ig.  6(D)]  is  sigttiftmnl.  Figure  6f.\) 
taken  at  a small  continuous  current  level  shows  the 
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rent  “i  ' , Xln'  -imjH'tfv  tm  .it  the  * f»*>h  an  jitiiuci}  [ruin  Ihc  <■!«'<  t mn  nm  rtigra|ilis  til  Itj».  7 

sctimn  \\  ' *i  li:t-  emit  let  pntlilf  in  I i|;  7 Hi,  Thu!  !"Ih*  « itk'iiir  militate*  Ilia!  tin-  rrsisliir  nic<  tianiMii 
urrctii  .li-nvit  is  .tf«>iii  i<>  tin-  value  ri-< j«itn*ii  in  was  ai|ci|iiatc  in  uimuttt  i«r  tin-  lira!  M'liiiinii  !tv  the 

rut»c  the  iip.tr  i hr  niiiticr  7 H'  in  i!»  mi'ltiujj  |utinl  in  nliscrv  etl  emitter  ilet'nniiutiiiii  liurinu  ufi , ,\j»pirftitli 
••in'  tin.  rnw.  .*n.i  in  ir»  nt  tie  .ah  tilntimis  pn-setileil  rmr^v  was  wit  stipplied  In  nther  (lift  lianisiii*  at  u 

in  Hurt  U <ii  Jin-,  phut.  1 11.  hc.it  ni  iusinti  is  small,  rule  lari?'  mntpuml  with  that  i.l  the  resistive  met  ha 

nnl  in.  l.irt'i  .tiintiin!  tii  mati-rtai  was  vapnri/eit  iturinc  nisin 
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